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Zaid Badr: Survival Rate and Fracture Resistance of Different Types of Monolithic Zirconia 
Crowns After Two Methods of Artificial Aging. 
(Under the direction of Taiseer Sulaiman) 
Objective: to study the survival rate and fracture resistance of four different types of 
monolithic zirconia crowns based on their yttria content, after artificial aging under 
thermocylcing aging alone and combined thermo-mechanical loading using a chewing simulator.  
Materials and Methods: full coverage anatomical monolithic zirconia crowns were made 
using four types of zirconia materials, Gradient 3Y-PSZ and 5Y-PSZ, Gradient 4Y-PSZ and 5Y-
PSZ, Non-Gradient 4Y-PSZ, and Non-Gradient 3Y-PSZ as control (n=20 each).  The crowns 
were bonded to fiber reinforced resin dies. Half of the crowns were subjected to thermo-
mechanical loading under 110 N at a frequency of 1.4 Hz for 1.2 million cycles with 
simultaneous thermocycling (10,000 cycles, 5-55˚C). The other half were subjected to 
thermocycling alone (10,000 cycles, 5-55˚C). The survival rate for each material was observed. 
Each crown was loaded to failure to calculate its fracture resistance after aging. Two-way 
ANOVA was used to test the effect of zirconia type and ageing method on the fracture resistance 
of the crowns. 
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Results: All four types of zirconia survived the artificial aging with no failures. The 
artificial aging method did not affect the fracture resistance of zirconia crowns p=0.18. The 
concentration of yttria at the occlusal part of the restoration affected the fracture resistance 
p=0.0001.  
Conclusion: Increasing the yttria concentration at the occlusal third of the crown 
decreased the fracture resistance. The mechanical loading protocol did not affect the fracture 
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CHAPTER 1: REVIEW OF THE LITERATURE 
1.1 Introduction 
Zirconia based dental restorations grew popular in the last two decades. This can be 
attributed to them being less expensive options and are less time consuming when compared to 
porcelain fused to metal restorations. The wide spread use of CAD/CAM technology in dentistry 
could be a contributing factor in the advent and use of these restorations and plays an integral 
part in their manufacturing process. Zirconia survived as a dental material mainly because of its 
ability to arrest crack propagation by transformation toughening. Transformation toughening 
happens by changing the phase of zirconia molecules around the crack from the tetragonal phase 
to the larger monoclinic phase, thus arresting the crack and preventing its further development (1).   
One should keep in mind that the zirconia is a broad term and can represent different 
materials with different physical and optical properties and therefore, different clinical 
performance (2). Zirconia based dental restorations when first introduced as a restorative material 
in the form of 3Y-PSZ, was used as a core for a layered dental restoration just like its counterpart 
porcelain fused to metal dental restoration. Meaning that the restoration has two different 
materials, a core, which was made out from Zirconium oxide and a layering porcelain material. 
The rationale behind this design was to cover the unsightly less esthetic opaque zirconia core by 
a translucent porcelain material. This would result in a more esthetically pleasing restoration (3).  
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In an attempt to reduce the opacity of zirconia and start using it as a monolithic 
restoration, the alumina content was decreased introducing the second-generation of zirconia 
restorations. Decreasing the alumina content resulted in esthetic enhancement without 
compromising the mechanical properties of zirconia. However, it was not esthetic enough for the 
use in the anterior esthetic zone (4). Notably, the first two generations have been studied 
extensively and are considered the “gold standard” for their zirconia counterparts due to their 
superior physical properties such as, flexural strength, fracture toughness, transformation 
toughness and elastic modulus (5).  
A third generation 5Y-PSZ evolved in an attempt to make zirconia more esthetically 
pleasing by increasing the yttria content to 5 mol%. This tremendously increased the 
translucency of zirconia and improved its esthetic potential. However, this change in the material 
chemistry came at a price as the physical properties, transformation toughness in particular, 
dramatically dropped. In one study by Zhang et al, the third generation did not show any 
transformation after 300 h of accelerated hydrothermal treatment (5).  
A fourth generation 4Y-PSZ has emerged were the yttria content was changed to 4 mol% 
in an attempt to regain the physical properties of the 3Y-PSZ zirconia while maintaining the 
desired esthetic properties of the 5Y-PSZ zirconia (6).  
The fourth generation was shortly followed by the gradient systems, in which different 
compositions of zirconia were combined in a puck. It was created to provide dental restorations 
that follow the gradient translucency of the natural tooth structure while maintaining the high 
strength of the first two generations (7, 8).   
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It is best to evaluate a dental restoration by studying the survival rate of such material in-
vivo. This can be both costly and time consuming. Testing those materials in an artificial 
environment that resembles the clinical conditions where it is meant to be used can be a good 
alternative to clinical trials (9).  
This research study was conducted to study the survival rate of four different types of 
monolithic zirconia crowns after artificial aging using a chewing simulator.  
1.2 Classification of Dental Ceramics 
Ceramics used in dentistry can be classified by their composition into: predominantly 
glass materials, particle filled glasses and polycrystalline ceramics (Figure 1.1) 
 
Figure 1.1: Classification of dental ceramics (40).  
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Both the glass and crystalline phases play major roles in dental ceramics. The glass phase 
is important when it comes to aesthetics while the crystalline phase determines the strength of a 
dental restoration.  Increasing the glass content of ceramic material results in highly esthetic 
restorations with a light refractive index that is similar to that of dental enamel. This would 
explain its common use in dental veneer restorations. On the other hand, increasing the 
crystalline content is useful for the fabrication of strong restorations that can withstand high 
masticatory forces i.e. fixed dental prosthesis (10). 
Predominantly Glass Ceramics 
The glass in dental ceramics is comprised of silica and alumina. It forms a feldspar, 
which is an amorphous mixture of mined minerals. Cations like sodium and potassium can be 
added to alter the physical properties of the ceramic. Such properties include the firing 
temperature and the coefficient of thermal expansion. Predominantly glass ceramics are ideal for 
mimicking the optical properties of natural teeth (11). These materials are usually used in veneers 
or as veneering porcelain over higher strength metal or polycrystalline frameworks (12).  
Particle Filled Glass Ceramics 
The addition of crystalline particles can change the optical and physical properties of 
dental glass. The first particle that was successfully added to dental ceramics was leucite. Leucite 
increases the coefficient of thermal expansion of the ceramic to a level slightly higher than that 
of the dental alloy framework underneath. This causes more contraction of the ceramic upon 
cooling of the porcelain when compared to the underlying framework. The difference in 
contraction results in compression of the glass ceramic over the metal. Nonetheless, it is more 
favorable for the ceramic to be under compression than tension since ceramics fail by crack 
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propagation of internal flaws within the material and those flaws do not propagate under 
compression (13, 14). Esthetically, leucite was an excellent addition to glass ceramics because it 
has an index of refraction that is very close to feldspathic glasses. In addition, leucite etches at a 
much faster rate than the base glass, which results in a rough surface were establishment of an 
effective micromechanical bond can be easily achieved (10, 11). Another example of particle filled 
glass ceramics is the addition of aluminum oxide particles and higher percentages of leucite to 
the glass. This results in a moderate increase in ceramic strength (13). 
Polycrystalline Ceramics 
Polycrystalline ceramics consist of closely packed crystals with no amorphous glass 
phase. This yields a ceramic with higher fracture resistance and strength. However, the absence 
of glass results in an opaque material with a high light refractive index. Subsequently 
polycrystalline ceramics are often veneered using glass ceramics.  
Since sintered polycrystalline ceramics have high strength, fabrication of dental 
prosthesis is challenging. To overcome this issue, polycrystalline ceramics are milled in their 
pre-sintered state and then are sintered. However, sintering results in a significant amount of 
volumetric shrinkage of the ceramic (10, 14). Therefore, computer aided design/ computer aided 
manufacturing (CAD/CAM) is necessary for the fabrication of such dental restorations. During 
polycrystalline restoration fabrication, a specific software is used to digitally process the 3D data 
captured intraorally or from a master cast. The software can be used to either create an enlarged 
die, where ceramic can be packed or create an oversized restoration from a partially fired 
ceramic powder (15, 16). 
 
6 
1.3 Properties of Zirconia 
Pure zirconia has three crystalline forms depending on its temperature. The crystalline 
phase at room temperature and up to 1170 °C is monoclinic. Between 1170 °C and 2370 °C is 
tetragonal. The structure after 2370 °C is cubic (Figure 1.2). Upon cooling the tetragonal phase, 
the structure changes back to the monoclinic form that is accompanied by a 4.5% increase in 
volume. Stabilizing agents such as yttria (Y2O3) allows the retention of the tetragonal phase 
when cooling to room temperature (17, 18).  
 
Figure 1.2: Three crystalline forms of zirconia (38).  
Partially stabilized tetragonal zirconia has the highest flexural strength among ceramic 
materials. However, this superior flexural strength is not what makes it a valid material surviving 
for all those years, since dental ceramics fail by crack propagation. Zirconia is unique for its 
“transformation toughening” property that can stop crack propagation. This happens at the edges 
of the crack where the tetragonal phase transforms into the larger monoclinic phase, leading to 
formation of favorable compressive stresses instead of damaging tensile stresses at the crack 
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margins (Figure 1.3). This property arrests crack propagation, earning zirconia the title of 
“ceramic steel” (1, 18).  
 
 
Figure 1.3: Illustration of the Transformation Toughening (39).   
The tetragonal to monoclinic phase transformation came at a cost. When zirconia was 
used as a joint replacement material, a series of femoral head prosthesis failures were 
documented in the literature. This led to the emergence of the phenomenon of “low thermal 
degradation”: Under the presence of water, the tetragonal particles of zirconia at the surface 
transform into the monoclinic phase. This caused surface and strength degradation with 
microcracking at the surface (19, 20).   
1.4 Layered Zirconia  
Traditional 3Y-PSZ (first generation) has the best mechanical properties of all ceramics 
with a biaxial flexural strength of 900 - 1500 MPa. It has > 85% tetragonal phase by composition 
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and a high light refractive index. This renders zirconia opaque and esthetically unpleasing when 
compared to natural teeth. To overcome this issue, zirconia was used as a core material layered 
with translucent feldspathic porcelain (2, 3).  
The most common problem that was seen with layered zirconia was porcelain chipping 
(21, 22). This might be explained by the difference in the coefficients of thermal expansion 
between the coping material and the veneering material, which can lead to the formation inner 
tensile stress between the two upon cooling. A slow cooling regimen was suggested to overcome 
this issue (23). Another explanation for porcelain chipping can be contributed to the presence of 
more than 2 mm of unsupported porcelain due to design flaws in the prosthesis framework (24). 
This can be corrected by using anatomically guided copings instead of flat copings, which 
subsequently helps in controlling the veneered porcelain thickness (25, 26). 
Layered zirconia restorations require more aggressive tooth preparation to accommodate 
for the thickness of the two materials. A minimal thickness of 0.6 mm for the coping and 1.2 mm 
for the veneering porcelain is required (27).  
The abrasiveness of veneering feldspathic porcelain to natural opposing enamel is 
another complication that is seen with layered restorations (28). This worsens by the use of rough 
unpolished or unglazed porcelain at the occlusal surface of a restoration (29).  
The complication free - clinical survival rate of layered zirconia fixed dental prosthesis 
after a mean of 5 years ranged between 54 – 100% with porcelain chipping being the number one 
cause of failure (22). The high rate of porcelain chipping had been linked to two factors. First, the 
low thermal conductivity of the zirconia framework. This can cause unfavorable temperature 
distribution between the veneering porcelain and the zirconia framework during firing of the 
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veneering ceramic leading to the development of internal stresses between the two. Slow cooling 
and slow heating regimens should be used when firing porcelain to zirconia to overcome this 
problem (21, 22). Second, having more than 2 mm of unsupported porcelain over the framework 
can lead to porcelain chipping. Since porcelain is weaker than the zirconia framework, it is more 
predisposed to fracture. In order to limit the fracture of veneering ceramic, the zirconia 
framework should be designed and milled in an anatomical way that can limit the amount of the 
unsupported veneering porcelain (25, 26). Those factors can explain the wide range in the success 
rate of the layered zirconia fixed dental prosthesis. However, the survival of the zirconia 
framework/ copping tend to be high approximating 91% after 10 years (30).   
1.5 Monolithic Zirconia 
Monolithic zirconia restorations emerged as a solution to the frequent chipping of 
veneering porcelain (22), the aggressive preparation requirements (27), and the abrasive potential of 
feldspathic porcelain to natural opposing enamel (28). In addition to the high survival rate of 
zirconia cores and frameworks (30).  
Later, the second-generation zirconia was introduced. The alumina content of this 
generation was reduced, resulting in a slightly more esthetically pleasing material without 
compromising the mechanical properties of zirconia. However, this enhancement in optical 
properties was not enough for its use in esthetically-critical zones. Its use is limited to the 
posterior dentition and still as a core material in layered restorations (4). The second-generation 
3Y-PSZ has < 15% of cubic phase and > 85% tetragonal phase, which preserves the 
transformation toughness ability of the material. It has a biaxial flexural strength of 850 - 1300 
MPa (31). Furthermore, polished monolithic 3Y-PSZ zirconia is the least abrasive ceramic to 
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natural dentition (32). This generation zirconia showed good clinical performance with low failure 
rate when compared to layered zirconia restorations after up to 7.5 years (33).  
In an attempt to make monolithic zirconia more appealing, a third generation 5Y-PSZ 
evolved. It consisted of 5 mol% yttria instead of 3 mol% yttria, resulting in more translucent 
restorations and overcoming the undesired esthetics (5). Nevertheless, this change in chemical 
components led to a decline in its physical properties, specifically the transformation toughening. 
This is explained by the drop in concentration of the tetragonal phase to less than 50%. 
Therefore, the a significant decrease in the number of tetragonal molecules that can transform 
into the monoclinic phase. This resulted in a reduction in the material’s ability to arrest crack 
propagation. The biaxial flexural strength is approximately 400 - 900 MPa (31). This generation 
should be used in caution for the aforementioned reasons (34). 
Recently, a fourth generation 4Y-PSZ surfaced in which the yttria content was reduced 
from 5 mol% to 4 mol% in an attempt to regain the physical properties of the 3Y-PSZ zirconia 
and maintain the desired esthetic properties from the 5Y-PSZ zirconia (35). It has less than 75% of 
the tetragonal phase and more than 25% of the cubic phase with a biaxial flexural strength 


























First  3  0.25 <15 >85 200-210 3.5-4.5 1.0-1.5 
Second  3  0.05 <15 >85 200-210 3.5-4.5 0.9-1.3 
Third  5  0.05 >50 <50 200-210 2.2-2.7 0.4-0.9 
Fourth  4  0.05 >25 <75 200-210 2.5-3.5 0.6-1.0 
 
Table 1.1: Properties of Dental Zirconias (31). 
1.6 Gradient Zirconia 
The most recent generation is the gradient system. As the name implies, the system 
provides dental restorations that follow the gradient translucency of a natural tooth structure; all 
while maintaining its high strength. It is composed of two types of zirconia combined together in 
a single restoration with an intermediate zone that follows gradual transition between the two. 
For example, ZirCAD Prime has both 3Y-PSZ and 5Y-PSZ (8). ZirCAD Multi is another example 
that contains 4Y-PSZ and 5Y-PSZ (7). It has been claimed that those systems can be used as 
universal restorations, both in anterior and posterior teeth, as single unit crowns or up to 16 unit 
fixed dental prosthesis, and as monolithic or layered restorations.  
Gradient zirconia can me made using three manufacturing methods: pressing, layer by 
layer colloidal casting or single pour colloidal casting (Figure 1.4) (57).  
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Figure 1.4: Manufacturing of Gradient Zirconia (57).  
Pressing 
In this method, zirconia particles are filled in a mold followed by uniaxial pressure to 
form a blank. Then multiple blanks (layers) with different translucencies can be combined 
together by cold isostatic pressing. This yields a uniform puck with multiple translucencies. 
Advantages of using this technique include the formation of a uniform blank with the least 
amount of deformation in the zirconia material. However, the major drawback of using this 
method is the formation of clear boundaries of color between layers. In order to hide those 
boundaries, the use of many layers of multiple translucencies is suggested to create a smoother 
transition.  
 Layer by Layer Colloidal Casting 
This method is an example of a filtration technique. First, the zirconia powder is 
suspended in a solution. Then, the mix is poured into a mold that has a filtration mesh at its end. 
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This is followed by particle filtration against the mesh aided by vacuum pressure. This process 
can be repeated using multiple zirconia suspensions with different color properties until the 
desired appearance is achieved. Similarly to the pressing method, the boundaries between layers 
are clear and visible. Thus, the need for multiple layers to create a smooth transition is necessary. 
Since each layer is poured separately after filtration of the previous one, impurities can easily 
accumulate between layers. Those impurities burn out after sintering leaving voids behind. These 
voids from centers where future cracks can initiate and propagate.  
Single Pour Colloidal Casting 
This technique is also based on the filtration method. However, instead of mixing and 
pouring layers separately, one mix is suspended and poured. The mix is made using different 
powders of zirconia with the desired esthetic and mechanical properties. This technique relies on 
the characteristics of particle distribution and dispersion in a solution. Various particle 
distribution can be predicted within the suspension. Hence, the desired optical and physical 
properties can be achieved by altering those characteristics to place each group of particles where 
necessary, ensuring the gradual change in translucencies. Since this technique uses a single pour 
only, no clear demarcation is visible between different groups of particles. The single pour 
minimizes the number of impurities as well.    
1.6 Laboratory fatigue testing 
Ideally, it is best to assess a dental restoration by studying its survival rate intraorally by 
means of randomized-controlled trials. Such trials can be limited by many factors including the 
need for a considerable amount of funding, IRB approval, recruitment of subjects, high dropout 
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rates and time commitment. A suggested alternative for testing is to use an artificial environment 
that simulates the clinical conditions in which the material is meant to be used (9).  
While the most common and simple way to test all ceramic restorations is by single load 
to failure testing, the results of those studies are not clinically relevant. In a study, Kelly et al. 
compared the failure mode of dental ceramics under single load to failure testing to clinical 
failure. He observed that none of the fracture tests represented the failure mechanism seen 
clinically (36).  
Artificial aging was suggested in order to overcome the drawbacks of clinical testing that 
include higher time demands and expenses. Concurrently, artificial aging allowed for proper load 
to failure testing. Emphasis is placed on artificial aging combining both thermal cycling and 
mechanical loading to simulate the oral environment (37).  
Dental ceramics fail as a result of continuous weak stresses that cannot induce immediate 
failure. Those stresses result in initiation and/or propagation of already existing defects. Over 
time, the continuous fatiguing results in propagation of those cracks until the material fractures. 
Ceramics also fail at lower loads underwater due to static crack propagation (41). Thermo-
mechanical loading underwater is the closest in-vitro testing that can mimic the conditions and 
nature of ceramic failure (42).   
The chewing simulator machine allows for the adjustments of some of the testing 
parameters to ensure the desired testing conditions, those variables are:  
1. Loading force: the loading force can be either greater than the average physiologic 
human biting forces, or comparable to the average physiologic forces but with higher 
number of cycles. Those two approaches were suggested to speed up the simulation 
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process. Another loading approach that can further speed up the fatiguing process is 
the use of various load forces in an ascending manner with a sufficient amount of 
repetitive cycles. The latter is referred to as the “stairway fatiguing” (43).  
2. Number of cycles: fatigue failure starts by crack formation. With the continuous 
loading, cracks propagate and fuse into larger cracks. Subsequently, catastrophic 
failure happens after the final loading cycle that exceeds the mechanical capacity of 
the material. Therefore, the number of loading cycles is crucial. The number of cycles 
is directly linked to the number of clinical years with an estimate of 250,000 cycles 
representing one year (44). A study compared the cumulative clinical survival rate of 
lithium disilicate restorations with in-vitro survival rate found up to 100% agreement 
between the two (45).  
3. Frequency of loading: the loading frequency resembles the chewing rate. Using a 
frequency between 1-2 Hz has been commonly utilized (46). Additionally, using a 
frequency not exceeding 3 to 4 Hz has been suggested since the duration of 
mastication is 0.25 to 0.33 seconds (47). However, the actual effect of the frequency is 
still unknown. In a study byRosentritt et al. no difference was observed in the fracture 
strength of fixed dental prosthesis after doubling the loading frequency from 1.6 to 3 
Hz (37).    
4. Vertical and lateral movements: the direction of chewing force can be represented in 
the horizontal and vertical planes thus, the forces in the chewing simulator should 
simulate both. The simulation of lateral movement in aging studies has been a 
controversial topic. Some studies advocate for the incorporation of lateral movement 
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when fatiguing dental ceramics (48, 49). On the other hand, other studies found no 
significant effect of using lateral movement when fatiguing ceramic restorations (37).   
5. Testing machine: many fatigue devices were used to test dental restorations such as 
Willytec chewing simulator (most commonly used), electrodynamic fatigue testing 
machine, closed-loop servohydraulucs and MTS Mini-Bionix. The most important 
aspect in a fatigue machine is to simulate the oral environment. All the above-
mentioned devices can simulate the oral environment to a certain degree. The main 
deference between those machines rests in the force generating mechanism. 
Nevertheless, no evidence supports one device over the others (50).  
6. Humidity of environment: consensus shows that testing dental ceramics in 100% wet 
environment is important to represent the wet oral environment where the material 
will be utilized. It has been proven that ceramics tend to be weakened by the presence 
of water (41).  
7. Thermocycling: is yet another important factor when it comes to testing ceramics. 
thermocycling is not only important to replicate the temperature fluctuation in an oral 
environment but also affects crack propagation by applying compression and tension 
forces at the tip of the crack thus, increasing the level of damage (51). The most 
commonly used temperature range for thermocycling is 5-55 °C. The number of 
cycles depends on dwell time and pause time settings of the thermocycling unit. Since 
thermocycling and mechanical loading are commonly applied together, the number of 
thermal cycles if often limited by the number of mechanical cycles applied (52).   
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8. Antagonist: the material, size, shape and modulus of elasticity of the antagonist are 
important factors that can affect the fatigue behavior of dental ceramics. Using 
natural human teeth as antagonist might be the next best thing to the clinical scenario 
but its use can be limited by the heterogeneity of teeth; making it hard to standardize. 
For that reason, stainless steel and ceramic are commonly used as indenters (53).   
9. Abutment: the use of natural human teeth as abutments to mimic the oral environment 
has been suggested and previously used. However, it is hard to standardize the 
preparation when natural teeth are used. Other materials can be used to overcome this 
issue such as epoxy resin and acrylic resin. It is important to use a material that shares 
key physical properties with human teeth i.e. modulus of elasticity and bonding 
capacity (54).     
10. Artificial periodontium: the presence of periodontium can affect the stress distribution 
to surrounding bone (55). Many materials have been used to simulate the periodontium 
such as polyether, gum resin and polysiloxane. Those materials vary in their physical 
and mechanical properties, which lead to varying degrees of movement under 
loading. While it was found that the use of artificial periodontium could significantly 
affect the fracture strength of dental ceramics (56), its use is still contradictory. Hence, 
some authors argue that using artificial periodontium while fatiguing reduces the 
axial forces on the testing specimens in an uncontrolled manner. Therefore, its use 






CHAPTER 2: RESEARCH STUDY 
Introduction 
The increasing popularity of zirconia as a dental material may be attributed to its ability 
to stop crack propagation by transformation toughening. Transformation toughening happens by 
changing the phase of zirconia molecules around the crack from the tetragonal phase to the larger 
monoclinic phase, thus arresting the crack and preventing further propagation (1).   
Several zirconia generations have evolved from the traditional high-strength first 
generation (3Y-PSZ) zirconia. Due to the high opacity of the first generation (3Y-PSZ), zirconia  
was mainly used as a substructure that was layered over with translucent porcelain to insure the 
desired esthetics (3). 
A second generation (3Y-PSZ) was created by decreasing the alumina content in zirconia 
for optical enhancement without compromising its mechanical properties. This advent provided 
satisfactory monolithic restorations that could be used in the less esthetically critical zones. 
However, it was not translucent enough to be used in areas of high esthetic demands (4).   
A third generation 5Y-PSZ evolved in an attempt to make zirconia more esthetically 
pleasing by increasing the yttria content to 5 mol%. This new formulation increased the 
translucency of zirconia, overcoming the undesired esthetics shortcomings of the last two 
generations. However, the change in the material chemistry came at a price, as the physical 
properties and transformation toughness dropped (5). 
19 
Recently, a fourth generation 4Y-PSZ has emerged. The yttria content was changed to 4 
mol% in an attempt to regain the physical properties of the 3Y-PSZ zirconia, while maintaining 
the desired esthetic properties of the 5Y-PSZ zirconia (6).  
The most recent generation is the gradient system. As the name implies, the system 
provides dental restorations that follow the gradient translucency of a natural tooth structure; all 
while maintaining its high strength. It is composed of two types of zirconia combined together in 
a single puck with an intermediate zone that follows the gradual transition between the two (7, 8). 
Clinical Relevance 
Zirconia is a broad term and can represent different restorations with different properties. 
Therefore, it is vital to investigate the mechanical properties and behavior of such restorations in 
a setting that mimics the oral environment to help predict outcomes in clinical practice. 
Specific Aims and Hypotheses 
The aims of this study are to:  
 Evaluate the effect of aging method; thermocycling alone and combined 
thermo-mechanical loading on the fracture resistance of single unit zirconia crowns.  
 Evaluate the fracture resistance of four different types of single unit 
zirconia crowns based on their yttria concentration, gradient 3Y-PSZ- 5Y-PSZ, gradient 
4Y-PSZ- 5Y-PSZ, non-gradient 4Y-PSZ and non-gradient 3Y-PSZ.  
The Null hypotheses:  
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 There is no difference in the means of fracture resistance of zirconia 
crowns after aging by means of thermocycling alone and combined thermo-mechanical 
loading.  
 There is no difference in the means of fracture resistance between gradient 
3Y-PSZ and 5Y-PSZ, gradient 4Y-PSZ and 5Y-PSZ, non-gradient 4Y-PSZ and non-
gradient 3Y-PSZ crowns. 
Materials and Methods 
A plastic Ivorine mandibular left first molar was prepared for a full coverage ceramic 
crown restoration. The preparation was carried out using a high-speed electric hand-piece 
rotating at 200,000 rpm with air- and water-cooling and diamond modified flat-end taper burs 
(Brassler, Savannah, GA). The preparation insured an axial reduction of 1 to 1.5 mm, a marginal 
rounded shoulder of 1 mm, an occlusal reduction of 1.5 mm and a taper of 10 degrees (Figures 
2.1 and 2.2). This master die was scanned using a 3Shape TRIOS 3 scanner. Eighty fiber 
reinforced resin dies (Trilor, Bioloren Srl) were milled to replicate the exact preparation on the 
master die (8, 9). Eighty full-coverage crowns were designed to fit the master die previously 
scanned using 3Shape TRIOS Design Studio software. The design of the crowns followed the 
aforementioned dimensions (Figures 2.3 and 2.4). The design parameters were set to 20μm space 
at the margins and an internal cement space of 60μm following the instructions of the milling 
unit. The crowns were milled using four different zirconia materials in a PrograMill PM7 milling 
machine (Ivoclar Vivadent: Schaan, Liechtenstein), twenty crowns in each: 
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Figure 2.1 Die Preparation, Axial View 
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Figure 2.2 Die Preparation, Occlusal View.  
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Figure 2.3 Crown Occlusal, Thickness of 1.5 mm 
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Figure 2.4 3Y-PSZ (ZirCAD LT) Crown  
Group 1 (Control) – monolithic, non-gradient 3Y-PSZ (ZirCAD LT, Ivoclar Vivadent: 
Schaan, Liechtenstein).   
Group 2 – monolithic, non-gradient 4Y-PSZ (ZirCAD MT, Ivoclar Vivadent: Schaan, 
Liechtenstein).   
Group 3 – monolithic, gradient 3Y-PSZ and 5Y-PSZ (ZirCAD Prime, Ivoclar Vivadent: 
Schaan, Liechtenstein). 
Group 4 – monolithic, gradient 4Y-PSZ and 5Y-PSZ (ZirCAD MT Multi, Ivoclar 
Vivadent: Schaan, Liechtenstein).  
25 
The milling of the two gradient zirconia groups (group 3 and group 4) insured 3 mm of 
5Y-PSZ occlusally. 
The crowns were sintered using program 1 (IPS e.max ZirCAD standard program) for 9 
hours 50 minutes at up 1600˚C temperature in a sintering furnace (Programat S1 1600, Ivoclar 
Vivadent: Schaan, Liechtenstein). The crowns were polished using a two-stage polishing kit 
(Luster Zirconia Polishing Kit, Meisinger, USA). No stains nor glaze were added. Figure 2.5 
shows the different types of zirconia crowns after milling, sintering and polishing.  
 
Figure 2.5 Finished Monolithic Zirconia Crowns, From Right to Left, 4Y-PSZ & 5Y-PSZ 
(ZirCAD MT Multi), 3Y-PSZ & 5Y-PSZ (ZirCAD Prime), 4Y-PSZ (ZirCAD MT) and 3Y-PSZ 
(ZirCAD LT). Notice the difference in optical properties between the gradient and the nno-
gradient groups.  
Cementation of the crowns:  
The fit of each crown was checked under 3.5x magnification using a sharp dental 
explorer number 5. The crowns were adhesively bonded to their corresponding dies using the 
APC concept (60). The intaglio surface of each crown was air-particle abraded using 50μ 
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aluminum oxide, under 2 Bar pressure for 15 seconds at a distance of 10 mm. Monobond Plus 
(Ivoclar Vivadent: Schaan, Liechtenstein) was applied to the fitting surface followed by 
Multilink Primer (Ivoclar Vivadent: Schaan, Liechtenstein). Then the crowns were bonded to the 
dies using a self-curing resin cement (Multilink Automix, Ivoclar Vivadent: Schaan, 
Liechtenstein). Figure 2.6.  
 
Figure 2.6 Zirconia Crown and Die after Cementation.  
Aging of the restoration:  
The crowns in each group were further divided into two subgroups (N=10 each). In the 
subgroup A, the crowns were artificially aged using simultaneous thermo-mechanical loading. 
The loading force was 110 N at a frequency of 1.4 Hz for 1.2 million cycles with simultaneous 
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thermocycling (10,000 cycles, 5-55˚C) in a computer controlled multifunctional mastication 
simulator (SD Mechatronik, Fedkirchen- Westerham, Germany). This equals 5 years of clinical 
service (44). Test specimens were oriented parallel to the long axis of the tooth and embedded in 
auto-polymerizing acrylic resin (VariDur 200, Buehler, Lake Bluff, IL, USA) 1 mm below the 
crown margin in the cylinder specimen holders of the chewing simulator. A 4 mm stainless steel 
ball was used as an antagonist at a 1 mm vertical start point. The initial contact was at the central 
fossa followed by a 1 mm horizontal shift towards the buccal groove. (Figure 2.7) 
 
Figure 2.7 Vertical and Horizontal Contacts in the Chewing Simulator.  
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In Subgroup B the crowns were aged by means of thermocycling only (10,000 cycles, 5-
55˚C) in a computer controlled multifunctional mastication simulator (SD Mechatronik, 
Fedkirchen- Westerham, Germany). 
Failure evaluation:  
Wear detectors were used to monitor the samples thus, to record the number of cycles 
needed until failure. After 1.2 million cycles, all surviving specimens were examined under 3.5X 
magnification for visible damage in the crown or the die following fatigue testing. Failure was 
defined as crown or die complete or partial fracture, visible cracking or debonding.  
Scanning electron microscope analysis:  
Random samples from each group were selected for further analysis under scanning 
electron microscope (SEM). An SEM (Hitachi S-4700 Field Emission Microscope) was used to 
evaluate microcracks at both the vertical and lateral contacts. Samples were attached to an 
aluminum SEM sample holder with double-stick carbon tape. Samples were coated using a layer 
of 10nm Gold-Palladium (AuPd).  
Fracture resistance:  
After aging, the fracture resistance of each sample was  calculated by loading the samples 
by a 2 mm stainless steel cone antagonist at a speed of 1mm/min until fracture occurs using a 
universal testing machine (Instron 4411, SINTECH, MTS System Corporation, USA). 






Stainless steel sphere antagonist, 
Diam. 4mm (N=8) 
Were used in the chewing simulator as an antagonist 




Stainless steel cone Antagonist, 
30°, tip radius 1mm (N=8) 




Multilink Automix System Pack Were used to bond the crowns to their dies 2 
IPS e.max ZirCAD Prime 98.5-
16mm A1 
Were used as a crown material for group 1 1 
IPS e.max ZirCAD MT Multi 
Disc 98.5-16mm A1 
Were used as a crown material for group 2 1 
IPS e.max ZirCAD MT 98.5 
14mm A1 
Were used as a crown material for group 3 1 
IPS e.max ZirCAD LT 98.5 
16mm A1 
Were used as a crown material for group 4 1 
Trilor 98 98 X 20mm Bone Were used as a die material 4 
 
Table 2.1 List of Materials Used in This Study 
Statistical analysis 
Two-way Analysis of Variance (ANOVA) and Tukey's Studentized Range test were used 
to assess the effect of aging method and zirconia ytrria content on the fracture resistance of 
crowns. The level of significance was set at α = 0.05.  
Results 
Fatigue and thermocycling testing:  
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All specimens, regardless of the zirconia used, survived the 1.2 million cycles and 
thermocycling. There were no cracks or fractures seen on the dies nor the crowns.  
Scanning electron microscope evaluation:  
Microcracks were seen under scanning election microscope in all fatigued specimens. 
The microcracks were associated with the sliding contacts mainly (Figure 2.8). More 
microcracks were seen in the gradient zirconia groups (Groups 3 and 4) followed by the 4Y-PSZ 
(group 2) then 3Y-PSZ (control) Figure 2.9.  
Figure 2.8 Scanning Electron Microscope Analysis of Areas of Impact on 3Y-PSZ & 5Y-PSZ 
(ZirCAD Prime) Crown Under up to 500 Magnification, (A) Area of Contact after Sliding 
Movement of the Antagonist. (B) Area of Contact after Vertical Movement of Antagonist.     
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Figure 2.9 Scanning Electron Microscope Analysis of Areas of Impact after Sliding Movement 
of the Antagonist on Zirconia Crowns Under 500 Magnification, (a) 3Y-PSZ (ZirCAD LT)  (b) 
4Y-PSZ (ZirCAD HT)  (c) 3Y-PSZ & 5Y-PSZ (ZirCAD Prime) (d) 4Y-PSZ & 5Y-PSZ 
(ZirCAD HT Multi) 
Fracture resistance:  
The mean values of fracture resistance for each group is listed in Table 2.2. Two online 
calculators were used for conducting the statistical analysis at (https://www.socscistatistics.com/ 
and http://vassarstats.net/anova2u.html). The mean difference in fracture resistance was not 
statistically significant after thermocycling alone when compared to thermo-mechanical loading 
within each type of zirconia p-value = 0.18 (First Null was accepted). However, a significant 
variation in fracture resistance means among zirconia groups based on yttria concentration was 
seen p-value = 0.000 (Second Null was rejected) Table 2.3. A statistically significant difference 
was found in the means of fracture resistance between group 1 (non-gradient 3Y-PSZ) and group 
2 (non-gradient 4Y-PSZ) p=0.019, group 1 (non-gradient 3Y-PSZ) and group 3 (gradient 3Y-
PSZ and 5Y-PSZ) p=0.000, group 1 (non-gradient 3Y-PSZ) and group 4 (gradient 4Y-PSZ and 
5Y-PSZ) p=0.000, group 2 (non-gradient 4Y-PSZ) and group 3 (gradient 3Y-PSZ and 5Y-PSZ) 
p=0.001, group 2 (non-gradient 4Y-PSZ) and group 4 (gradient 4Y-PSZ and 5Y-PSZ) p=0.000. 
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The difference in means of fracture resistance between group 3 (gradient 3Y-PSZ and 5Y-PSZ) 
and group 4 (gradient 4Y-PSZ and 5Y-PSZ) p=0.98 was not statistically significant (table 2.4). 
Figure 2.10 shows the relation between the types of zirconia used and fracture resistance of the 
crowns. 
Group 3Y-PSZ 4Y-PSZ 3-5Y-PSZ 4-5Y-PSZ 
Aging  B A B A B A B A 
Number 10 10 10 10 10 10 10 10 
Mean FR 3728.6 3708.4 3309.9 3172.9 2597.8 2461.3 2591.1 2393.6 
SD 463.1 479.9 397.0 427.6 333.5 332.1 503.4 270.0 
B: Thermocycling alone, A: Thermo-mechanical loading, FR: Fracture Resistance  
Table 2.2 Mean Fracture Resistance Values for Each Group. 
Source SS DF MS F P 
Aging  301461.72 1 301461.74 1.81 0.1827 
Ytrria 
Content  
21070226.19 3 7023408.7 42.15 <.0001* 
Interaction 82448.21 3 27482.74 0.16 0.9229 
Error 11998099.94 72 166640.28   
Total 33452236.08 79    
Table 2.3 Two Way Analysis of Variance Summary. 
Pairwise 
Comparisons 
Means  HSD.05 = 465.0749 Q.05=3.8088 
3Y-PSZ:4Y-PSZ 3Y-PSZ= 3708.42 
4Y-PSZ= 3172.95 
535.47 Q = 4.39 (p=.01872)* 
3Y-PSZ:3-5Y-PSZ 3Y-PSZ= 3708.42 
3-5Y-PSZ= 2461.29 
1247.13 Q = 10.21 
(p=.00000)* 
3Y-PSZ:4-5Y-PSZ 3Y-PSZ= 3708.42 
4-5Y-PSZ= 2393.62 
1314.8 Q = 10.77 
(p=.00000)* 
4Y-PSZ:3-5Y-PSZ 4Y-PSZ= 3172.95 
3-5Y-PSZ= 2461.29 
711.66 Q = 5.83 (p=.00116)* 
4Y-PSZ:4-5Y-PSZ 4Y-PSZ= 3172.95 
4-5Y-PSZ= 2393.62 
779.33 Q =6.36 (p=.00037)* 
3-5Y-PSZ:4-5Y-PSZ 3-5Y-PSZ= 2461.29 67.67 Q = 0.55 (p=.97926) 
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4-5Y-PSZ= 2393.62 
Table 2.4 Post HOC Tukey Pairwise Comparisons Between the Groups. 
 
Figure 2.10 Fracture Resistance Among Different Types of Zirconia Crowns After Aging. 
Discussion: 
It is imperative to investigate emerging dental materials by solid well-designed evidence 
prior to its clinical use. While the ultimate evidence to support the usage of such materials might 
be randomized clinical trials, such trials are expensive, complex and lengthy. Donovan et al 
stated that it takes about 10 years to conduct and publish a 5-year follow-up clinical trial. By that 
time, the material tested might be outdated or discontinued (61). One way to overcome the 
drawbacks of conducting randomized clinical trials would be testing the materials in vitro by 
means of artificial aging to predict its clinical behavior prior to intraoral use.  
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The fatiguing parameters used in this study were based on an article that compared the 
success rate of dental ceramics intraorally to the success rate of the same types of dental 
ceramics by means of fatiguing. An agreement of 75% to 100% was seen between the two after 5 
years of clinical/ artificial aging (62).  
While the most common mastication force used in the literature was 49N (46). The 
simulation biting force in this study was set at 110 N, which is around the physiological biting 
force in humans (63). This was selected to ensure an aging situation that is similar to the intraoral 
environment.  
The microcracks seen under the microscope were mainly associated with lateral forces. 
This can be explained by the nature of dental ceramics, dental ceramics behave better on 
compression, when compared to tension, which is associated with lateral forces (64, 65, 66). Thus, 
applying horizontal forces during in vitro fatiguing of dental ceramics is important to subject the 
material to cycles of tensile forces, which are more damaging to the material when compared 
when in compression.   
The dies used in this study were made from fiber-reinforced resin (Trilor, Bioloren Srl). 
This material was chosen as a crown abutment instead of natural teeth because it is easy to 
standardize and has the same key physical properties as natural dentin (58, 59). This would ensure a 
decent representation of the oral tissues without the use of natural teeth. Natural teeth can 
complicate the testing since it comes in variable sizes, shapes and compositions (67, 68). 
All crowns, regardless of type of zirconia used, survived the fatiguing process. This 
finding is comparable to two in-vitro studies. In the first study, monolithic, gradient 4Y-PSZ and 
5Y-PSZ (ZirCAD MT Multi, Ivoclar Vivadent: Schaan, Liechtenstein) was compared to 
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monolithic, non-gradient 3Y-PSZ (ZirCAD LT, Ivoclar Vivadent: Schaan, Liechtenstein). The 
two materials survived artificial aging under similar artificial conditions (7). Whereas in the 
second study, monolithic, gradient 3Y-PSZ and 5Y-PSZ (ZirCAD® Prime, Ivoclar Vivadent: 
Schaan, Liechtenstein) was compared to non-gradient 3Y-PSZ (ZirCAD LT, Ivoclar Vivadent: 
Schaan, Liechtenstein) and showed the same results (8). To the best of the author’s knowledge, no 
study has investigated the effect of thermomechanical cyclic loading of monolithic zirconia 
crowns on the survival rate using all the four tested zirconia materials in this study. 
The high survival rate of the traditional monolithic, non-gradient 3Y-PSZ (ZirCAD LT, 
Ivoclar Vivadent: Schaan, Liechtenstein) was projected. This is mainly due to the transformation 
toughening phenomena (1). Transformation toughening happens by changing the phase of 
zirconia molecules around the crack from the tetragonal phase to the larger monoclinic phase, 
thus arresting the crack and preventing further propagation. This can also explain the high 
success rate of 4Y-PSZ (ZirCAD MT, Ivoclar Vivadent: Schaan, Liechtenstein) since it has high 
amount of the tetragonal phase (75%) (31). 
The high survival rate of the two gradient zirconia groups monolithic, gradient 3Y-PSZ 
and 5Y-PSZ (ZirCAD® Prime, Ivoclar Vivadent: Schaan, Liechtenstein) and monolithic, 
gradient 4Y-PSZ and 5Y-PSZ (ZirCAD MT Multi, Ivoclar Vivadent: Schaan, Liechtenstein) 
might be related to the presence of high tetragonal zirconia at the cervical part of the crown. 
Thus, a crack might had been initiated at the occlusal 5Y-PSZ zirconia then advanced to the 
transitional and 3Y-PSZ or 4Y-PSZ zones where higher percentages of tetragonal zirconia is 
present for transformation toughening to take place thus, stopping further propagation and 
complete fracture. Further fractographic analysis, which is beyond the scoop of this research, is 
needed to study this theory.  
36 
The bonding of glass dental ceramics increased its survival rates and fracture resistance 
(69). This enhancement in mechanical properties can be seen when fragile feldspathic veneers are 
bonded to dental enamel. Such procedure can result in high success rate over 15 years (70, 71). 
However, it is still unknown whether bonding zirconia crowns to their dies had aided in their 
high survival rates in this study. It is worth mentioning that bonding of zirconia is different from 
the bonding of other dental ceramics and until this moment is still a divisive topic (60, 72). The role 
of bonding was not investigated in this study.  
The first null hypothesis was accepted since the mean fracture resistance for zirconia 
crowns was not different between the two aging methods. This finding was noticed in other 
studies were fracture resistance of zirconia was compared before and after fatiguing and 
thermocycling. In one study, fatiguing and thermocycling of zirconia disks made from 3Y-PSZ 
and 5Y-PSZ in two different thicknesses did not affect the mean biaxial fracture loads of those 
two materials (73). Another study compared the biaxial fracture loads of 3Y-PSZ, 4Y-PSZ and 
5Y-PSZ disks in 0.7 mm thickness disks and 1.2 mm thickness disks before and after thermos-
mechanical loading and found no difference in the mean biaxial fracture loads of those disks 
before and after fatiguing (74). The same finding was seen when the fracture resistance of zirconia 
anatomic crowns were tested. The thermo-mechanical loading did not affect the mean fracture 
resistance of zirconia crowns made from 3Y-PSZ and gradient 4Y-5Y-PSZ (7). Similar results 
were seen when the fracture resistance of 3Y-PSZ and gradient 3Y-5Y-PSZ zirconia crowns was 
compared before and after fatiguing (8).  
The second null hypothesis was rejected since the mean values of fracture resistance were 
different among the groups. The non-gradient 3Y-PSZ (ZirCAD LT, Ivoclar Vivadent: Schaan, 
Liechtenstein) had the highest fracture resistant mean values, followed by the non-gradient 4Y-
37 
PSZ (ZirCAD HT, Ivoclar Vivadent: Schaan, Liechtenstein) followed by the two gradient 
systems; gradient 3Y-PSZ and 5Y-PSZ (ZirCAD Prime, Ivoclar Vivadent: Schaan, 
Liechtenstein) and gradient 4Y-PSZ and 5Y-PSZ (ZirCAD MT Multi, Ivoclar Vivadent: Schaan, 
Liechtenstein). The mean facture resistance values between the two gradient systems was not 
statistically significant. The yttria content at the occlusal surface was the main factor in 
determining the zirconia’s fracture resistance regardless of its yttria content at the cervical and 
middle thirds of the crown.   
Milling of the gradient zirconia systems can result in different composition and 
concentration of each layer. This can result of restorations with no or minimal translucent 5Y-
PSZ zirconia. Luckily, the technician can control this by choosing where the restoration will be 
milled whiten the puck. Thus, those gradient zirconia restorations can be used as universal crown 
material depending on the esthetic and mechanical needs in each situation. 
In this study, the milling of the two gradient zirconia groups (group 3 and group 4) 
insured 3 mm of 5Y-PSZ occlusally. This was done to standardize and ensure the maximum 
concentration of the weakest zirconia phase in each crown, assuming that any difference in 
orientation will result in crowns with better mechanical properties.  
The main limitation of this study is situated in its nature as an in vitro study, in spite of all 
the efforts made to simulate the harsh oral environment. Further clinical studies are needed to 






The survival rate of four different types of monolithic zirconia crowns with different 
yttira content were similar after artificial aging under thermo-mechanical loading that is equal to 
5 years of clinical survival.  
More microcracks can be seen with higher occlusal yttria content. Those microcracks 
were mainly associated with lateral (horizontal) fatiguing forces.  
The fracture resistance of zirconia crowns were as follows (from most to least resistant): 
3Y-PSZ> 4Y-PSZ> 3Y-PSZ, 5Y-PSZ = 4Y-PSZ, 5Y-PSZ. The fracture resistance depends on 
the yttria content at the occlusal third of the crown. 
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